Dielectric enhancement was observed in polycrystalline BaTiO 3 /Ba 0.6 Sr 0.4 TiO 3 multilayered thin films deposited layer-by-layer on Pt/Ti/SiO 2 /Si substrates via pulsed laser deposition. The dielectric constant of the films was enhanced more than four times with the decrease of the individual layer thickness down to 30 nm, while the dielectric loss was kept at a low level comparable to that of the solid solution Ba 0.8 Sr 0.2 TiO 3 thin films. The Maxwell-Wagner model is proposed to explain the experimental data, which can predict both the dielectric enhancement and frequency dependence when the individual layer thickness is more than 40 nm.
Introduction
Ferroelectric thin films have been intensively studied owing to their value in practical applications, such as dynamic random access memory (DRAM) capacitors and wireless communication systems [1] [2] [3] . The required characteristics of such ferroelectric thin films are high dielectric constant and low dielectric loss. Recently, significant experimental effort has been devoted to the fabrication of ferroelectric superlattices, mostly for producing higher dielectric constants [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, the extent of dielectric enhancement varies dramatically from case to case, and is found to reach maximum values at very different scales of stacking periodicities. There are many different explanations of the physical origin of the effect of dielectric enhancement in ferroelectric heterostructures, but none is conclusive. Tabata et al [4] and Kanno et al [5] observed the effect of dielectric enhancement in the epitaxial superlattices of BaTiO 3 /SrTiO 3 and PbTiO 3 /PbZrTiO 3 , with stacking periodicities of less than 100 Å. They attributed the effect of dielectric enhancement to the interlayer strain caused by the interfacial lattice mismatch. A strong dielectric enhancement attributed to the increased domain wall mobility was reported by Erbil et al [6] in epitaxial PbTiO 3 /Pb 0.72 La 0.28 TiO 3 heterostructures for stacking periodicities of 40 nm. Qu et al [7] reported relaxational behaviour in polycrystalline BaTiO 3 /SrTiO 3 multilayered thin films deposited on Pt/Si substrates with periodicities from 1.6-40 nm, but no obvious dielectric enhancement was observed in such multilayer structures.
Notably, Gregg and co-workers [8, 9] have recently observed that the appearance of dielectric enhancement and frequency relaxation is related to the onset of Maxwell-Wagner (MW) behaviour in epitaxial Ba 0.8 Sr 0.2 TiO 3 /Ba 0.2 Sr 0.8 TiO 3 superlattices for stacking periodicities of less than 100 Å. They used the MW series capacitor model to explain the anomalous dielectric properties of ferroelectric superlattices. The results have shown that a superlattice consisting of normal ferroelectric layers separated by low-resistivity interfacial regions could account for most of the experimental results reported in epitaxial heterostructures. Their study suggests that the dielectric enhancement may also appear in other dielectric multilayered thin-film systems as long as a lowresistivity interfacial region is formed between bulk-like insulating dielectrics. However, the dielectric enhancement in multilayered thin films has been observed only in epitaxial thin films prepared on oxide substrates and is generally associated with high dielectric loss. To our knowledge, to date, there has been no observation of the dielectric enhancement in polycrystalline multilayered thin films deposited on Si substrates. Technically speaking, such film structures are more compatible with large-scale integration. In this paper, we report on the results of polycrystalline BaTiO 3 /Ba 0.6 Sr 0.4 TiO 3 multilayered thin films deposited on Pt/Ti/SiO 2 /Si substrates with different individual layer thicknesses. Dielectric enhancement with low dielectric loss has been achieved. The MW model is used to describe the experimental data.
Experimental procedure
The BaTiO 3 /Ba 0.6 Sr 0.4 TiO 3 multilayered thin films were prepared by a multi-target pulsed laser deposition technique. A 248 nm KrF excimer laser (Lambda Physik 105i) operated at 5 Hz was alternately focused on to the stoichiometric well-sintered BaTiO 3 and Ba 0.6 Sr 0.4 TiO 3 high-density ceramic targets with an energy density of 2 J cm −2 . BaTiO 3 and Ba 0.6 Sr 0.4 TiO 3 have been selected because they have almost the same growth rate per pulse under the same deposition conditions. Thus, we can keep the same thickness for all the multilayered thin films prepared in the same pulse number. The Pt/Ti/SiO 2 /Si(100) substrates were placed parallel to the target at a distance of 3.5 cm and heated to 650
• C by a resistance heater. The chamber was first pumped down to 2 × 10 −4 Pa, then oxygen was introduced to a pressure of 2.0 Pa. In all cases, the multilayered thin films were prepared with BaTiO 3 as the first layer and Ba 0.6 Sr 0.4 TiO 3 as the final layer with an equal layer thickness for both materials. There was a two minute pause between the depositions of adjacent layers to ensure the formation of the interface. For electrical measurements, a Pt electrode with a diameter of 0.5 mm was deposited on to the top surface of the films at room temperature through a shadow mask by the radio-frequency (rf) sputtering technique. Dielectric measurements were carried out on asdeposited samples without post-annealing. The thickness of the as-deposited thin films was measured by using an ET350 Talysurf profilometer (Kosaka Laboratory Ltd). The dielectric properties were measured using a HP4192A LF impedance analyser. X-ray diffraction (XRD) was carried out in a Rigaku D/MAX 3C diffractometer using CuK α radiation at 40 kV.
Maxwell-Wagner model
Similar to epitaxial ferroelectric superlattices, the multilayered ferroelectric thin films on Pt/Ti/SiO 2 /Si substrates may be treated as consisting of interfacial, semiconducting regions intercalated between bulk-like, near-insulating dielectrics. Such a system can be well described by the MW two-layer condenser model [13] . The real and imaginary permittivities of the films are determined by the relative dielectric constant (ε i , ε b ), resistivity (ρ i , ρ b ) and thickness (d i , d b ) of the two layers and are given by where the subscripts i and b refer to the interfacial-like and bulk-like layers, respectively, and
Here, A is the area of the capacitors. From equations (1) and (2), the dielectric constant and loss of the whole multilayered thin film can be expressed as a function of d i /d, which is the relative thickness of the interfacial zones. In this paper, ρ b is taken to be 10 6 m, and ρ i is used as a fitting parameter for the model.
Results and discussion
A series of BaTiO 3 /Ba 0.6 Sr 0.4 TiO 3 multilayered thin films with individual layer thicknesses from 80 nm to 24 nm were prepared. The solid solution Ba 0.8 Sr 0.2 TiO 3 thin film was also prepared under the same conditions as the multilayered thin films for comparison. The total thickness of all the asdeposited thin films was (480 ± 8) nm. The XRD results show that the films in our study are polycrystalline with a perovskite structure. Figure 1 shows the dielectric constant (triangles) and loss (circles) as a function of individual layer thickness at 10 kHz It can be seen that significant dielectric enhancement was obtained after the solid solution Ba 0.8 Sr 0.2 TiO 3 films were subdivided into BaTiO 3 /Ba 0.6 Sr 0.4 TiO 3 multilayer structures. The dielectric constant increases as the individual layer thickness decreases and reaches a maximum at a layer thickness of 30 nm. The background dielectric constant value of 220 is enhanced by a factor of four to a value of 890, while the dissipation factor remains almost the same at 0.04. When the individual layer thickness is less than 30 nm, the dielectric constant returns to a smaller value, close to that of the solid solution Ba 0.8 Sr 0.2 TiO 3 thin film.
The solid curves in figure 1 are the curves predicted by the MW model with the fitting parameters of interfacial region thickness (∼29 nm) and resistivity (∼10 m). The dielectric constant of the bulk-like layer is adopted for ε b = 220, which is the value for the solid solution Ba 0.8 Sr 0.2 TiO 3 thin films. It is assumed that ε i = ε b , because the results of the MW model were found to be relatively insensitive to ε i . Our results show that the MW model can well describe the experimental data of both dielectric constant and loss when the individual layer thickness is more than 40 nm. The model fit gives the interfacial layer thickness as 29 nm. Thus, when the interfacial layer thickness is greater than or equal to the individual layer thickness in the multilayer system, the whole system behaves like the interfacial component. This component has a modelled dielectric of 220, very close to the observed 250 as shown in figure 1 . Therefore, the MW model can also predict the dielectric constant of the multilayer system when the individual layer thickness is below 29 nm. However, if the entire film becomes the interfacial layer material, the loss will increase drastically; this does not seem to be the case in these results. The reason for this remains unclear and needs further clarification in future work.
It can be noted that the interfacial layer thickness in our modelling is much larger than that in epitaxial superlattices (near 0.65 nm). The multilayered thin films reported in this study are polycrystalline in nature. There are many grains and grain boundaries in the interface in each layer. Therefore, it is reasonable to assume that the thickness of the interfacial layer is much larger than that in epitaxial dielectric superlattices, which may cause the larger individual layer thickness required for observing the dielectric enhancement. In addition, a resistivity of about 10 m is assumed for the interfacial region, which is much less than that assumed in epitaxial dielectric superlattices. The relative low resistivity of the interfacial region compared with that of the bulk region assumed in the MW model leads to a low level of dielectric loss while the dielectric constant is enhanced. In the MW model, the ratio of R b /R i is an important parameter. Generally speaking, the larger the ratio is, the larger the dielectric enhancement and the lower the dielectric loss will be. In the interface of polycrystalline multilayered thin films, a much higher density of oxygen vacancies may be formed than in epitaxial films, which can cause much lower resistivity of the interfacial region than of the bulk region. This might be caused by the delayed deposition of each layer, the compositional deviation and structural distortion in the interfacial region.
It can be seen from figure 1 that the MW model predicted that the dielectric constants might be greatly enhanced accompanied by a large increase in dielectric loss when the individual layer thickness is varied from 40 nm to 29 nm. However, we did not observe this trend in our experiments. The dielectric constant only increased slightly when the thickness was reduced from 40 nm to 30 nm, and the dielectric loss still remained at a low value below 0.05. This inconsistency between the experiment and the MW model might be due to the fact that, in a polycrystalline growth state, it is very difficult to control the interfacial region as d decreases to the value of 29 nm. In order to check this point, XRD of the as-deposited films is performed and the pattern is shown in figure 2 . Figure 2 roughness and the lack of consistency in the deposited layer thickness. It becomes more critical to accurately maintain the periodicity at small thickness values than at larger thickness values. Figure 3 shows the frequency dependence of the room temperature dielectric constant and loss of the multilayered thin films with each individual layer thickness of 40 nm. Other films with individual layer thicknesses larger than 40 nm show a similar behaviour. We can see that the MW model can describe the experimental data well. A low dielectric loss is found in the frequency range of 300 Hz to 300 kHz, and the dielectric constant is significantly enhanced compared with that of solid solution Ba 0.8 Sr 0.2 TiO 3 thin films. In the low-frequency region (less than 300 Hz), it can be seen that the dielectric loss quickly increases as the frequency decreases, while the dielectric constant shows flat frequency dispersion. In the high-frequency region (larger than 300 kHz), the dielectric loss increases with frequency. However, there is an opposite trend for the dielectric constant between the MW prediction and the experimental results in the high-frequency region.
Summary and conclusions
Polycrystalline BaTiO 3 / Ba 0.6 Sr 0.4 TiO 3 multilayered thin films were deposited layer-by-layer on Pt/Ti/SiO 2 /Si substrates by using pulsed laser deposition with various individual layer thicknesses. Significant dielectric enhancement was found and the MW model seems to explain well the experimental data in the region of interest. We found a greater enhancement for thinner layer films when the individual layer thickness was above 30 nm. The dielectric constant is four times larger than that of the solid solution film for the 30 nm multilayered films. Most importantly, the dielectric loss was kept at the same low level as that of the solid solution Ba 0.8 Sr 0.2 TiO 3 thin films for all the films. The MW model can predict both the dielectric enhancement and frequency dependence when the individual layer thickness is larger than 40 nm.
The obtained low loss dielectric enhancement is very encouraging. We believe that it is possible to further enhance the dielectric constant of multilayered ferroelectric thin films by changing the processing conditions, such as increasing the delay time between adjacent layers and changing the deposition temperature. The novelty of our results is that such a low loss dielectric enhancement occurred in polycrystalline multilayered thin films rather than in epitaxial films, as reported by others. Our films also used a Si substrate, which makes integration into semiconductor devices easier.
